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Theneutron production inthick targets irradiated with1GeVprotons wasstudied experimentally, andresults arewell understood
with model calculations,including MCNPX 2.7a. However, one observes very large neutron production rates in the interaction of
44GeV 12C onto thickCu-, Pb-, andU-targets beyond calculated rates. The experimental spallation product yield curve in a 20cm
thick Cu target irradiated with 72GeV 40Ar also cannot be reproduced by several model codes, including MCNPX 2.7a. This may
be due tosecondary fragmentsproduced inhighenergy (Ekinetic > 10GeV) heavy-ioninteractionswhichdestroytargetnucleimore
eﬀectively than primary ions. These observed experimental facts constitute “unresolved problems” from a fundamental point of
view. It may have an impact on radiation protection issues for future heavy-ion accelerators.
1.Introduction
Recent investigations on the interaction of relativistic ions
(called primaries in this paper) above a total energy Ekin >
10GeVinthickheavy-element targetsshow unexpected phe-
nomena in the spallation yield distributions, as well as sur-
prisingly intense neutron emission. These unexpected phe-
nomena constitute“unresolved problems”as described in [1,
2].
(1) Spallation mass-yield curves in any thin target are
completely understood with conventional reaction
models like “limiting fragmentation” and “factori-
sation” [1, 2]. However, the spallation mass-yield
curves in thick targets which are also produced by
secondary fragments, generated in the interaction
of primaries with target nuclei, are incompatible
with these concepts of “limiting fragmentation” and
“factorisation.” Secondary fragments, in the follow-
ing called secondaries, seem to release more neutrons
when they interact than primaries.
(2) The neutron emission from thick targets irradiated
with ions having Ekin > 1 0G e Vi sr a t h e ri n t e n s e ,i n
particular for 44GeV 12Ca n d7 2G e V40Ar onto thick
Cu- and Pb-targets. These phenomena need further
investigation.
Experimental results published for thick targets irradi-
ated with relativistic ions are scarce and sometimes contra-
dictory. In the experiment on “neutron yields from 1GeV/
nucleon 238U ion beams on Fe target” by Yordanov et al. [3],
the neutronspectra above 50MeV were studied. The authors
could ﬁt their experimental data with well-known models
and stated (quote)that “after a ﬁrst beam-target collision the
projectile residue may subsequently undergo the same type2 Physics Research International
Table 1: The direct measurement of neutron production in THICK Pb-targets irradiated at the Synchrophasotron [11].
(a) The total number of neutrons n, generated by one primary ion (1H, 2H, 4He, or 12C) in a very thick lead target (Φ = 20cm and L = 60cm) and
moderatedwithin1m3 paraﬃn,was measured byVasil’kov et al.This work startedinDubna around 1980.The lastcolumngivesthe ratiooftheneutron
yieldsat the energy Ekin/A = 3.7GeV compared with the Ekin/A = 1.0GeV .
Ion Mass A Number of neutrons n at
1GeVpernucleon
Number of neutrons n at
3.7GeV per nucleon
n at (Ekin/A = 3.7GeV)
n at (Ekin/A = 1.0GeV)
H1 2 1 .3 ± 0.66 8 .1 ±2.53 .2 ±0.2
H2 4 5 .8 ± 1.2 157 ±33 .4 ±0.2
α 47 1 .2 ± 2.8 277 ±93 .9 ±0.2
C 12 129 ± 5 641 ±22 5.0 ±0.3
(b) The total number of neutrons n generated by one primary ion (1H, 2H, 4He, or 12C) in a very thick lead target (Φ = 20cm and L = 60cm) and
calculated with the model MCNPX2.7a. The last column gives the ratio of the neutron yields at energy Ekin/A = 3.7GeVandatEkin/A = 1.0GeV .
Ion Mass A Number of neutrons n at
1GeVpernucleon
Number of neutrons n at
3.7GeV per nucleon
n at (Ekin/A = 3.7GeV)
n at (Ekin/A = 1.0GeV)
H 1 23.5 73.4 3.12
H 2 48.0 118.9 2.48
α 4 77.5 201.6 2.60
C 12 134.8 494.3 3.67
of reactions as just mentioned” (i.e., in agreement with well-
accepted standard models). The results reported in [1, 2]
show evidence that secondary fragments excite target nuclei
stronger than primary ions, thus producing more neutrons
than expected from calculation. Findings from [1–3]a r en o t
in contradiction as will be shown [4] .I ts e e m st h a ta si f
unresolved problems arise only after an energetic limit that
is barely approached in the 1GeV/u 238U+F ee x p e r i m e n t .
This may become an important issue for high intensity, high
energy heavy-ion accelerators presently under construction.
One essential aspect of this construction is the consideration
of all aspects of radiation protection for the operation of
these machines with respect to
(i) workers in the laboratories,
(ii) materials close to the beam line and target areas,
(iii) and—not the least—the surrounding environment.
The aim of this paper is to concentrate on the experi-
mentally known facts which may serve as benchmarks for
any radiation protection model. Two major topics will be
considered.
(1) The neutron emission from thick targets irradiated
with ions in the energy range of 1GeV ≤ Ekin ≤
44GeV at the JINR in Dubna (Russia) and its inﬂu-
ence on radiation protection.
(2) The experimental spallation mass-yields produced in
a20cmthickCutargetin theirradiation with72GeV
40Ar at the LBNL in Berkeley (USA). Calculations
with modern code MCNPX 2.7a [5]a r ec o m p a r e d
with experiments demonstrating that secondaries in-
teract with target nuclei stronger than primaries. The
corresponding neutron emission in the irradiation
was measured to be large, however, quantitative re-
sults have not been published.
A key question in all investigations is the determination
of the total number of neutrons produced in a thick target
by a single ion with a well-deﬁned primary energy. A
target is considered as being thick when a large fraction of
secondaryparticlesinduceadditionalinteractionswithinthis
target.
2.RadiationProtectionStudiesat JINR,
Dubna, Russia
2.1. Direct Neutron Measurements from a Thick Pb Target at
the Synchrophasotron Accelerator. In an early experiment, a
very consistent measurement of the numbers of neutrons
emitted from a thick Pb target (Φ = 20cm and L = 60cm)
was carried out in irradiations with a large variety of ions
available at the Synchrophasotron at the JINR in Dubna
(Russia) by Vasil’kov et al. [11]. The essential experimental
results are presented in Table 1(a), togetherwith calculations
in Table 1(b). One observes for proton irradiations at kinetic
energies E(p) = 1GeV and E(p) = 3.7GeV a consistent
andwell-understood behaviour.Thenumberofneutronsper
GeV decreases slightly with increasing energy. However, one
observes an unexpected result for heavy ions up to mass 12:
The experimental values at 3.7AGeV are up to 50% larger
than results from model calculations. One should remember
that individual neutrons were determined by counting in an
LSC unit.
A recent publication by Yurevich et al. [12] reports on
the direct measurements of the total number of neutrons
emitted fromlead targets ofvariousconﬁgurations in proton
irradiations in the energy range (1GeV <E (p) < 3.7GeV).
Theauthorsusedvariousexperimentaltechniques,including
TOF and Pb(p, x n ) ,t oo b t a i nt h et o t a ln u m b e ro fe m i t t e d
neutrons. They also investigated the same thick Pb target as
the one employed in [11]. The observed neutron numbersPhysics Research International 3
p e rp r o t o nf o rt h es a m et a r g e ta ss h o w ni nTable 1(a) are
(26 ± 4) at 1GeV and (76 ± 7) at 3.7GeV, which is in fair
agreement with the results from [11].
2.2. Radiation Protection and Indirect Measurements of Neu-
trons Produced by (1.0–1.5)GeV Protons at the Nuclotron
Accelerator. A recent publication [6] from experiments at
the Nuclotron accelerator in JINR describes measurements
of the neutron dose from 1GeV protons around two thick
Pb target assemblies, called “Gamma-2” and “Energy plus
Transmutation” (E + T). The neutron dose measurements
were carried out close to the targets and in addition behind
a 1.0m thick concrete shielding wall of the experimental set-
ups as shown in Figure 1.
The target system “Gamma-2” (for details see Figure 2
and Section 2.3 below) had been used earlier in the same
experimental location of the Laboratory for high energy
(JINR, Dubna) for heavy ion irradiations using the Syn-
chrophasotron accelerator. Thus, one can compare the re-
sults from the present-day neutron dose experiments with
earlier irradiations with relativistic heavy ions a decade ago
using the same “Gamma-2” target.
The Pb core in the “Energy plus Transmutation” (E + T)
target has a diameter of 8.4cm and a length of 45cm, and it
is surrounded by a blanket of 206.4kg natural uranium plus
also a massive neutron shield. A detailed description can be
found in [6, 13–15].
The neutron dose measurements were carried out with
solidstatenucleartrackdetectors(SSNTD’s)byFragopoulou
et al. [6]. Their experimental techniques allow to obtain
separate results for
(i) low-energy neutrons with E(n) < 1eV ,
(ii) epithermal neutrons with 1eV <E (n) < 10keV, and
(iii) intermediate-fast neutrons with 0.3MeV <E (n) <
3MeV .
The actual neutron ambient dose equivalent in units of
Sievert (Sv) was calculated using experimental conversion
f a c t o r s .T h er e s u l t sa r es h o w ni nTable 2:
The agreement between experiment and calculation is
ﬁne within uncertainties for these two target systems and in
this energy range. The calculation for the “Gamma-2” target
gave 15 neutrons per 1.0GeV proton which is smaller than
the corresponding number in Table 1(a) as the Pb target in
Gamma-2 was smaller than Vassil’kov’s target.
A further detailed analysis of the ﬁssion rate inside the
massive uranium blanket for the (E + T) system has been
carried out in [15]. The authors used Monte Carlo code
MCNPX2.6C and showed that the experimental ﬁssion rates
are only about (22 ± 14)% larger than the calculated ones.
2.2.1. Neutron Dose in the Vincinity of the Target. The in-
termediate-fast neutron dose around the (E + T)t a r g e t
with its massive uranium blanket around a thick lead target
is larger than around “Gamma-2”, however, the thermal-
epithermal neutron dose is larger at “Gamma-2”, due to the
paraﬃn moderator around this target (see Table 2).
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Figure 1: The spallation sources used in JINR in Dubna, Russia:
(a) “Gamma-2” target, (b) “Energy plus Transmutation” (E + T)
assembly. The term “Uz blanket” stands for the uranium blanket
surrounding thePb target. (c) This diagramillustrates thepositions
of the spallation sources, the concrete shielding wall, and the
locations of the SSNTDs (solid state nuclear track detectors) that
serve to determine the neutron ambient dose equivalent. Distances
can be estimated from the thickness of the concrete wall which is
1.00 m (Figure taken from [6]).
2.2.2. Neutron Dose behind 1m of Concrete. The “Gamma-2”
target produced a considerable thermal neutron dose behind
the concrete wall. The irradiation lasted 11 hours with a total
ﬂuence of 1013 protons of 1GeV on target, corresponding to
an average of 2.5 ∗ 108 protons/sec. The experimental neu-
tron ambient dose equivalent behind the concrete wall was
37μSv/h [6], which is too much to be tolerated by humans.
The ICRP 66 (International Commission on Radiological4 Physics Research International
Beam
Uran detectors
Cu/Pb-target
20cm
20cm
31cm
8cm
Paraﬃn moderator
12345
(a)
Cu/Pb-target
Some SSNTD-target
Lavsan + Pb
U-235/U-238 on macrofol Au on mica
Cr39
Cr39
Beam
(b)
Cu/Pb-target
20cm
20cm
20cm
Lanthan detectors
12345
6
6
7
7
8
8
9
9
10
10
11
12
3(1, 2, 3, 4, 5)
Beam
8cm
8cm
31cm
Paraﬃn moderator
(c)
Figure 2: The GAMMA-2 target (Since 2007, GAMMA-2 has been an IAEA benchmark target for transmutation studies, see text and [7–
10]). (a) Positions for uranium sensors,(b) positions of lanthanum sensors,(c) positions of various SSNTD sensors.
Table 2:Experimentalneutron ambientdoseequivalent fromtheirradiationofaPbtarget in“Gamma-2”and“Energy plusTransmutation”
(E + T)w i t h1 0 13 protons and a comparisonwith model calculations [6].
Target and position of SSNTD Thermal-epithermal neutron dose Intermediate-fast neutron dose
Experiment Calculation Experiment calculation
Gamma-2, (at 1GeV) close to target 610 ± 30mSv — 8000 ±3000mSv —
Gamma-2, behind 1m concrete 0.411 ± 0.114mSv 0.375mSv <0.05mSv 0.020mSv
E & T, (at 1.5GeV) close to target 160 ± 30mSv — 17000 ±4000mSv —
E +T, behind 1m concrete <0.0015mSv 0.0013mSv <0.05mSv 0.020mSv
Protection, Recommendation No. 66) recommends that for
a position outside the concrete shielding of accelerators
in “controlled areas,” a dose should not exceed 10μSv/h.
Therefore, the HealthPhysics Department of JINR requested
thescientiststostayat least50maway from theexperimental
area during irradiation. For irradiations of the (E + T)
target, similar rules applied, but the radiation level outside
the experimental area was considerably smaller due to
the additional neutron shield provisions around the Pb/U
target.Physics Research International 5
Table 3: B(140La)-values on the “Gamma-2” Pb target, irradiated with protons at the Nuclotron [9]a n dc o m p a r e dw i t hd i ﬀerent model
calculations.
Proton energy + Target Experiment: B(140La)10
−5[g−1 ∗proton−1] Calculation: neutrons/proton (n/p)
MCNPX 2.7a LAHET [8]D C M [ 8]
1.0GeV + Pb 4.69 ±0. 32 15.0 15.3 17.4
2.0GeV + Pb 8.86 ±0.62 26.4 — —
3.7GeV + Pb 11.35 ±0.80 43.0 38.7 43.9
Ratio 2.0GeV/1.0GeV 1.89 ±0.19 1.76 — —
Ratio 3.7GeV/1.0GeV 2.5 ±0.2 2.87 2.52 2.52
Further experiments measuring the neutron dose equiv-
alent under well-deﬁned conditions during the irradiation
with heavy ions onto thick targets are necessary with rela-
tivistic ions like 2H, 4He, and 12C.Suchirradiations had been
carried out a decade ago using the “Gamma-2” target at the
Synchrophasotron, however, without any quantitative mea-
surements of the neutron ambient neutron dose equivalent
outside the concrete shielding. In this paper, a “postfactum”
estimate of the corresponding neutron ambient dose equiva-
lent outside the concrete shielding is presented.
2.3. Neutron Emission from the “Gamma-2” Target Irradiated
with Protons at the Nuclotron and Heavy Ions (2H, 4He, and
12C) at the Synchrophasotron. The comparison of the neu-
tron emission from the “Gamma-2” target irradiated with
heavy ions at the Synchrophasotron accelerator and with
protons at the Nuclotron accelerator will allow the inter-
calibration of experimental results from both accelerators.
Figure 2shows the detailed lay-outofthe “Gamma-2” target.
It consists of a metallic core of either 20 Cu or 20 Pb disks
(1cm thick, 8cm diameter) and it is surrounded by a 6cm
thick paraﬃn moderator. The moderator contains grooves
for plastic vials containing 1g of La or U for radiochemical
studies.
The “Gamma-2” target allows two-parameter experi-
ments:
(1) In the irradiation with relativistic ions onto the me-
tallic core, all kinds of spallation products are pro-
duced inside the metallic disks. These spallation pro-
ducts can be determined with standard radiochemi-
cal techniques after the irradiation.
(2) Spallation neutrons are simultaneously produced,
which enter the paraﬃn. These neutrons are partially
moderated, with many neutrons even reaching the
thermal regime. All neutrons induce (n,γ)a n do t h e r
reactions in various sensors. Details are given in
[1, 2, 7–10], only a short description will be given
here. Using the lanthanum sensor, which is mono-
isotopic stable 139La, one can study the neutron cap-
ture reaction
139La

n,γ
140La −→

β-decay, T1/2 = 40.28 hours

.
(1)
From the γ-ray emission rate of 140L aap r o d u c t i o nr a t e ,
called“breedingrate”B(
140La),canbecalculatedwhichisde-
ﬁned as
B
140La

=

number of produced 140La atoms


1g 139La

∗

1p r i m a r yi o n
 . (2)
In a similar manner, one can measure B(
239Np) from the
study of the reaction [
238U(n,γ)239U → 239Np]. For this
comparative analysis, results measured for proton interac-
tions at the Nuclotron in Table 3 and for heavy ion inter-
actions at the Synchrophasotron in Table 4 using the same
“Gamma-2” Pb target are shown.
Table 3 allows the following conclusions:
(i) The recent experimental values of B(140La) ratios
obtained for (1.0–3.7)GeV proton irradiation are in
ﬁne agreement with model calculations. Details of
the B(140La) distribution on top of the “Gamma-2”
Pb target with MCNPX 2.7a calculations for 1.0GeV
and 2.0GeV protons reveal good agreement between
experiment and calculation [16].
(ii) The B(140La) ratios between (3.7GeV/1.0GeV) and
(2.0GeV/1.0GeV) agree with model calculations.
During the last decade of the operation of the Syn-
chrophasotron until about the year of 2000, extended irradi-
ations of “Gamma-2” targets with 2H-, 4He-, and 12C-beams
in the range of total energies from 3GeV up to 44GeV were
carried out [7, 8] where the metallic target core was copper
or lead. Radiochemical sensors, such as stable lanthanum
(see (1)) and natural uranium were irradiated and B(140La)
and B(239U) values were obtained. Results of irradiations
with 2H-, 4He-, and 12C-ions onto “Gamma-2” targets at the
Synchrophasotron are shown in Figures 3 and 4.
The resulting distributions for 2H-, 4He-, and 18GeV
12C-irradiations are surprisingly similar, irrespective of the
projectile element and energy. In the 44GeV 12C irradiation,
however, one observes a drastic increase in the production of
140La and 239Np.
Similar results are observed in experiments using a Cu-
core in “Gamma-2.” The results are shown in Figure 4,w h e r e
the average B-value for the investigation in ﬁve La- or U-
sensors on top of the moderator is given [7]. Again, for
44GeV 12C irradiations, one observes a strong increase in B-
value, whereas at lower total bombarding energies, B-values
are grouping around signiﬁcantly lower values.6 Physics Research International
Table 4: Neutron ﬂuences measured as B(140L a )o n“ G a m m a - 2 ”t a r g e ti ni r r a d i a t i o n swi t h2H, 4He, and 12C at the Synchrophasotron [7].
Target system B(140La)10
−5[atoms∗g−1 ∗ion
−1]
B(3.7AGeV + Pb)/B(1.5AGeV + Pb)
Experiment Model: DCM/CEM
3.0GeV 2H+P b 6 8 .1 ±4.8 1.08 ±0.07 1.69
7.4GeV 2H+P b 7 3 .5 ±5.2
6GeV4He + Pb 81.0 ±5.7 1.13 ±0.07 1.90
14.7GeV 4He + Pb 91.4 ±6.3
18GeV 12C + Pb 116 ±8 2.30 ±0.14 1.99
44GeV 12C + Pb 266 ±19
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Figure 3: Breeding rates B(140La) and B(239Np) in irradiations with relativistic 2H, 4He, and 12C onto a Pb core in “Gamma-2”. Results are
given for 5 sensors on top of the paraﬃn moderator [7].
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Figure 4: Breeding rates B(140La) and B(239Np) in the irradiation with 2Ha n d12C onto a Cu core in the centre of “Gamma-2”. B-values are
averages from 5 sensors. (This ﬁgure is taken from [7]).Physics Research International 7
Table 5: Estimated neutron ambient doses (for2.5∗108 ions/s)in irradiations with 44GeV 12C, as based on recent experiments with 1GeV
protons onto a “Gamma-2” Pb target. The calculated neutron production rate in neutrons per ion is taken as the basis for calculation of the
last column.
Beam + target B(140La)(∗10
−5/g/ion)∗∗∗ Neutron dose in μSv/h
behind 1 m of concrete
Calculated neutrons
(n/ion) n/ion
1GeVp +P b 4 .69 ±0.32 36.5 ±2.1[ 12]1 6 ±1∗ 2.3 ±0.3
44GeV 12C + Pb 266 ±19 2070 (estimated) 275 ±10∗ 7.6 ±0.8
44GeV 12C + Cu 108 ± 8 840 (estimated) 115 ±10∗ 7.4 ±1.0
44GeV 12C+ U/Pb 500+ 3890 (estimated) 726∗∗ 5.5
72GeV 40Ar + Cu Not measured Very large 250∗∗ —
+B(140La)-value estimated from the comparison of experiments on “Gamma-2” with Pb target and “Gamma-2”with Pb/U target as described in [8, 10, 19].
∗Based on DCM/CEM, LAHET ([8, 20]) and MCNPX 2.7a (this work).
∗∗Based on MCNPX 2.7a (this work).
∗∗∗B(140La) is the average value [7, 9] from ﬁve La-sensors on top of the moderator (see Figure 2).
Neutron induced interactions were studied by this col-
laboration overa wide energy range: Wang et al. [17] studied
the integral neutron energy spectra emitted from “Gamma-
2” with the nuclear emulsion technique. They measured
secondary neutrons with energies up to 1GeV. Their results
are complementary to the work of Yordanov et al. [3], who
studied high energy neutron spectra behind 20cm thick iron
targets with counter techniques.
A summary of B(140La)-values, originating from the cap-
ture of low-energy neutrons, measured in 2H, 4He, and 12C
ion irradiations is given in Table 4. The experimental ratios
of B-values at (3.7AGeV/1.5AGeV) are
(i) (1.1 ± 0.1) for 2Ha n d4He induced reactions, and
(ii) (2.3 ± 0.2) for 12C irradiations, which is signiﬁcantly
higher.
The large B(140La)-value for 44GeV irradiations is again
an indication of something diﬀerent, already observed in
[1, 2] and termed there as “unresolved problem.” A similar
observation was found earlier by Brandt [18]. In the irra-
diation of a large Pb block with 3.7AGeV ions from the
Synchrophasotron, ﬁne agreement between experiment and
calculations for proton, deuteron, and alpha irradiations
was observed. In the irradiation with 44GeV 12C, however,
B(239Np) = (15±5)∗10
−4 (atomspercarbonionpergramof
Np)was measured,which isabouttwiceas largeascalculated
by Tolstov and rather similar to our result shown in Figure 3.
All evidences demonstrate that one needs additional
experiments to study the neutronproductionin thicktargets
using heavy ions at high energies. In these future exper-
iments, one may be confronted with nontrivial radiation
protection problems. 1GeV protons on the “Gamma-2” Pb-
targetleadtoalargeneutrondosebehindtheconcreteshield-
ing; therefore, one might expect much more severe radiation
protection problems in irradiations with 44GeV 12Cb e a m s .
If assuming that
(i) one uses the same experimental setup as shown in
Figure 1,a n d
(ii) the “neutron ambient dose” behind the concrete
shielding increases linearly with B(140La)-values that
were measured on “Gamma-2” with Pb core at the
Synchrophasotron,
then one obtains estimated neutron ambient doses as given
in Table 5.
The measured ambient neutron dose (μSv/h) and the
experimental transmutation rate B(140La) in the interaction
of (1GeV p + Pb target) yielding a ratio [(μSv/h)/(n/ion)] =
2.3 ± 0.3 are in agreement with recent calculations. For irra-
diation with 44GeV 12C onto a thick Gamma-2 target core,
however, one estimates an average

μSv/h
n/ion

= (7.6 ± 0.8),( 3 )
which is much larger and statistically signiﬁcantly diﬀerent
from 2.3. This is a further indication that one may observe
forlarge beamenergiesontothicktargetssigniﬁcantly higher
than calculated neutron numbers. The neutron ambient
doses behind the concrete shielding exceed signiﬁcantly the
radiation protection allowance for humans to stay near
this area during the experiment. A further clariﬁcation of
this problem can only be obtained with more experiments.
Such experiments are needed to understand the underlying
physics more accurately, as well as to supply more adequate
radiation protection shielding data for thick-target irradia-
tions.
3.ThickTargetStudiesat LBNL,
Berkeley, California
Thick-target experiments at Lawrence Berkeley National
Laboratory (LBNL) started around 1980 with the irradiation
of two Cu disks in contact, with each disk having a
thickness of 1cm and a diameter of 8cm. The aim of
such studies was the investigation of possible diﬀerences in
nuclear interactions of relativistic secondary fragments in
comparison with the relativistic primary ions as reviewed in
[1, 2] and presented in Figures 5 and 6.
The ratio of nuclear interactions induced by primaries
to those induced by secondaries is larger in the ﬁrst Cu disk
than in the second Cu disk. The study of experimental yield
ratios of individual spallation products AZ in the second Cu
disk as compared with the ﬁrst Cu disk reveals evidence for
ad i ﬀerent behaviour of secondary fragments as compared
with the primary ions.8 Physics Research International
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Figure 5: The original “two Cu disk experiments” in Berkeley
showing the ﬁrst evidence for unresolved problems [1, 2] in irra-
diations with 72GeV 40Ar at the Bevalac accelerator (LBNL) after
1980. The original “two Cu disks” experiments were carried out
from 1980 with relativistic 40Ar-ions at the Bevalac in Berkeley.
(a) Schematic representation of the target set-up using two Cu
disks and a surrounding guard ring around the second disk. Two
conﬁgurations were irradiated: (i) (top): 0cm distance between the
disks(R0),(ii)(bottom):20cmdistancebetween thedisks(R20).(b)
Autoradiographic negative picture of a Cu disk after an irradiation
with 72GeV 40Ar showing the well-focussed Ar beam in the centre.
(c) Schematic representation of 3 diﬀerent reaction paths. The path
Ar-3 is of particular importance for the study of eﬀects due to
secondary fragments.
The ratio R0(AZ) is deﬁned for two Cu disks in contact
(d = 0cm),where
R0

AZ
	
=
Activity of AZ in second Cu disk
Activity of AZ in ﬁrst Cu disk
,( 4 )
activities are decay-corrected to the end of bombardment.
Figure 5 shows the experimental setup and the results
are shown in Figure 6.O u rf o c u sw i l lb eo nt h eR0 results.
Due to considerable production of relativistic secondaries,
one observes for all spallation products R0(A) > 1.00. It is
interesting to note two surprising features in Figure 6:
(i) R0 for 24Na is R0(24) = (1.50 ± 0.02). This value is
considerably larger, by at least 25%, than all values
based on various theoretical model calculations as
has been discussed by Aleklett et al. [19] and in detail
in [1, 2]: the production of 24Na by secondaries is
larger than that by primaries.
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Figure 6: The original “two Cu disk experiments” in Berkeley
showing the ﬁrst evidence for unresolved problems [1, 2] in irra-
diations with 72GeV 40Ar at the Bevalac accelerator (LBNL) after
1980. Rd ratios for reaction products AZ measured in interactions
of 72GeV 40Ar with two Cu disks are deﬁned as: (activity of nuclide
AZ downstream/activity of nuclide AZ upstream). The distance
between the two Cu disks is d = 0cmforR0 and d = 20cm for
R20. These ratios can be determined very accurately.
(ii) One observes for product masses above A = 56 a
decrease in R0 with increasing mass A. All theoret-
ical interpretations have failed to describe this phe-
nomenon.
The comparison of experimental results (see Figure 6)
with the calculated R0(A) distribution using the MCNPX
2.7a code is shown in Figure 7 and reveals surprising results.
Some details of this comparison shall be emphasized
(i) For mass A = 7( 7Be) and for masses 43 ≤ A ≤ 48
the agreement is good.
(ii) The experimental productionrateoftheisotope 24Na
(as well as 22Na and 28Mg) is signiﬁcantly larger than
models calculate. (Region 1 around A = 24).
(iii) Above A = 56 experimental R0 decreases withrising A
whereas an increase in R0 withrising A is theoretically
predicted. (Region 2 above A = 56).
The results for Region 1 could correlate with the result
seen in Region 2. One ﬁnds an excess of experimental crossPhysics Research International 9
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Figure 7: Comparison of the experimental and theoretical R0(A)
distributions in the interaction of 72GeV 40Ar with two Cu disks.
section in Region 1 whereas one misses cross-section in the
second Cu disk just below the target mass in Region 2.
I tm a yb eu s e f u lt oc a rryo u tf u rt h e re x p e ri m e n t st ol e a rn
more about these phenomena from additional experimental
approaches:
(i) OneshouldmeasureR0 formanynuclidesclosetothe
target mass but also for 60Co, 61Co, 62Zn, and 64Cu
in order to compare with Cumming et al.’s [20]d a t a
where production rates for these isotopes in thin Cu
targets irradiated with 80GeV 40Ar were determined.
(ii) Additionally, one should carry out neutron counting
experiments using thick Cu targets having thick-
nesses 2cm ≤ T ≤ 20cmirradiated with72GeV 40Ar
ions.
The experimental R20(A) distribution shown in Figure 6
is compared with the theoretical calculation using the
MCNPX 2.7a code in Figure 8. The congruence between the
theoretical ﬁt and the experiment is remarkable. One ob-
serves only a slight experimental deﬁciency around masses
A = 45 and a slight experimental excess for 24Na.
The last issue of this paper is concerned with the radio-
chemical aspects in the study of a 20cm thick Cu target (i.e.,
20 Cu disks of 1cm thickness in contact) irradiated with
72GeV 40Ar. In this irradiation at LBNL, a very strong neu-
tron dose was registered even outside the experimental area
of the Bevalac accelerator. However, quantitative neutron
data about this event have never been released.
The 20cm thick Cu target was designed as a two-
parameter experiment:
(i) The determination of neutron productionwas in pri-
nciple possible, however, no results of neutron mea-
surements were ever published, as mentioned several
times.
(ii) Nuclear reactions inside the Cu disks were actually
studied, that is, spallation product yields in several
1cm Cudisks were determined, yielding information
about nuclear interactions of relativistic ions inside
t h ee n t i r et h i c kC ut a r g e t .
0 10 20 30 40 50 60 70
R
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A
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2∗1cmCu - disks (d = 20cm)+72GeV40 Ar
Mass A of spallation product
1
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1.5
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Calculation
experiment at LBNL, berkeley
Figure 8: Comparisonof the experimental R20(A) distribution and
the MCNPX 2.7a calculation.
Both sets of information (neutron production rates plus
spallationyields) are neededfora completeunderstanding of
the reaction mechanism.
Some detailed experimental yield ratios Ri(AZ)f o rt w o
typical spallation nuclides (24Na and 57Ni) in several Cu
disks (number = i) as compared with the ﬁrst Cu disk
(number = 1) will be discussed. The nuclide 24Na was chosen
as representative for “Region 1” and 57Ni as representative
for “Region 2.” The experimental yield ratios are compared
with their calculated ratio using MCNPX 2.7a in Figure 7.
Two nuclides appear to be of particular importance:
(i) The key isotope 24Na (Region 1) is produced in the
downstream 1cm thick Cu disks (I> 1) deﬁnitely
in larger yield than calculated by computer codes,
including MCNPX 2.7a.
(ii) The isotope 57Ni (Region 2 with A>56) is produced
in the downstream 1cm thick Cu disks (I> 1) with
about the same yield as calculated by MCNPX 2.7a.
The following Figures 9 and 10 present the respective
ratios for Ri(AZ)-values, where i is the number of the Cu
disk within the 20cm Cu stack. The experimental ratios are
compared with model calculations, experimental data tables
are given in [21].
(i) 24Na is produced more abundantly than calculated in
every disk, just as in the “2cm Cu disk” experiment.
(ii) 57Ni is produced a little less abundantly in this exper-
iment as compared with calculation. This deﬁciency
is observed in all Cu disks in the 20cm Cu target.
Repeating the argumentation presented for Figure 7,o n e
can correlate the behaviour of 24Na with the behaviour of
57Ni. One ﬁnds an excess in experimental cross section for
24Na in all Cu disks as compared with calculation, and
one misses experimental cross section in all Cu disks for
57Ni. This is continuing evidence for discrepancies that
requests further experiments to measure product yields and10 Physics Research International
02468 1 0 1 2 1 4 1 6 1 8
Thick Cu target (20∗1cm Cu- - disks +72GeV40 Ar
R
i
(
2
4
N
a
)
1
2
2.5
1.5
0.5
Experiment
Calculation
Number “i” of Cu disk (1cm thick)
experiment at LBNL, March 10, 1987
Figure 9: Comparison of the experimental Ri(24Na) yields in the
20cm Cu stack with theoretical values from the computer code
MCNPX 2.7a. Ri(24Na) is the activity ratio of 24Na in Cu disk
number “i” as compared with the ﬁrst disk.
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Figure 10: Comparison of the experimental Ri(57Ni) yields in the
20cm Cu stack with theoretical values from the computer code
MCNPX2.7a.Ri(57Ni)istheactivityratioof 57NiinCu disknumber
“i” as compared with the ﬁrst disk.
additionally also the neutron production per ion in the
reaction of 72GeV 40Ar with a thick Cu target (or similar).
Another question to be asked is: what amount of “en-
hanced neutron production” can one expect in the reaction
(20cm Cu + 72GeV 40Ar) as compared with the well-
investigated reaction (20cm Cu + 44 GeV 12C)? There exists
onlyoneindirectmeasureforthe“enhancednucleardestruc-
tion” ability of secondary fragments in thick copper targets,
which is the measurement of R0(24Na) in “two Cu disk
experiments” (Figures5 and 6)f o ral a r g ev a r i e tyo fp r o j e c t i l e
ions using several accelerators around the world. The result
of such investigation is presented in Figure 11.I tw a ss h o w n
in [1, 2] that there is a smooth relation between R0(24Na)
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Figure 11: The ratio R0(24Na) as a function of total kinetic energy.
The calculated “theoretical” line from [1, 2]i sg i v e nf o rc o m p a r i -
son.
and the energy of the ion when the experimental R0(24Na)
values are plotted with respect to the total ion energy Ekin,
irrespective of the ion. Some of those experimental ratios for
24Na production are
(i) 1.5GeV 1Ho n t ot w oC ud i s k sy i e l dR0(24Na) =
0.99 ± 0.03;
(ii) 44GeV 12Co n t ot w oC ud i s k sy i e l dR0(24Na) =
1.24 ± 0.02;
(iii) 72 GeV 40Ar onto two Cu disks yield R0(24Na) =
1.50 ± 0.02.
T h ei n c r e a s ei nR0(24Na) for 72 GeV 40Ar as compared with
44GeV 12C may yield stronger increase in the “enhanced
neutron production”—but only an experiment can give
the answer. This answer is needed to understand neutron
multiplicitiesin thicktargetsand toprovideproperradiation
protection for any new construction of high intensity, high
energy heavy-ion accelerators.
Recent calculations using the MCNPX code indicate that
the simulated mass yields are model dependent.Conclusions
presented here on the 72GeV Ar + Cu results (Figures 7–10)
are based on the current results of calculations. A detailed
analysis of the MC-calculated mass yields in heavy-ion
interactionsusingallavailablephysicsmodelsintheMCNPX
code and comparison with the experimental data from the
literature is in progress and will be presented in another
publication.Physics Research International 11
4.Conclusions
Neutron ambient dose equivalents have been measured in
the irradiation of a 20cm thick Pb target with 1GeV protons
close to the target and at larger distances in the experimental
hall. Experiments and calculations based on DCM/CEM
codeagreewithin uncertainties. Basedonexperimentswhere
breeding rates B(140La) were measured with 1GeV protons
and 44GeV 12C under similar conditions, one can estimate
the neutron ambient dose equivalent during irradiations
with 44GeV 12C onto thick Pb and Cu targets close to the
target and in the experimental hall. The estimated neutron
ambient dose equivalents are on the order of 1000μSv/h at
about 5 meters distance and behind 1 meter thick concrete
shielding for the irradiation parameters given. Such large
doses require that humans stay away a considerable distance
from the experimental area, maybe more than 50m. One
may observe in these heavy ion irradiations of thick targets
some physical phenomena constituting a radiation protec-
tion problem connected to the “unresolved problems” as de-
scribed in [1, 2].
Detailed calculations carried out with the MCNPX 2.7a
code have shown that radiochemical spallation yield dis-
tributions in thick Cu targets irradiated with 72GeV 40Ar
cannot be reproduced by calculations. Secondary fragments
destroy Cu nuclei stronger than primary 72GeV 40Ar ions,
thusconﬁrming observationsreported in[1,2].The neutron
ambient dose equivalent in the irradiation of 20cm thick
Cu targets with 72GeV 40Ar is experimentally known to be
large, but data have never been published. Such published
data would be useful for two reasons:
(i) to design the radiation protection shielding for heavy
ion accelerators producing high energy heavy ions
with large intensities, and
(ii) to learn more about the physical reason connected
with these “unresolved problems.”
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